Introduction
[2] What drives the widespread crustal deformation in the western United States (Figure 1 )? The answers remain uncertain. Some workers see a dominant role of shear coupling across the San Andreas Fault (SAF), the boundary between the Pacific and the North American plates [Choi and Gurnis, 2003; Thatcher et al., 1999] ; others have emphasized the influence of gravitational spreading of the elevated landmass [Jones et al., 1996; Liu and Shen, 1998 ]. Some studies have also suggested significant roles of basal traction due to mantle flow [Liu and Bird, 2002; Silver and Holt, 2002] .
[3] The spatial pattern of crustal deformation are commonly used to constrain the driving forces [England and Molnar, 1997; Flesch et al., 2000] . Recent GPS measurements have delineated crustal deformation in the Southwestern United States with unprecedented details (Figure 1a ). These data reconfirm the geologically observed crustal extension that spans from the Sierra Nevada to central Utah. The strongest crustal motion, however, is near and subparallel to the SAF, indicating a dominant role of shear coupling across the SAF. This deformation pattern differs significantly from that reconstructed from relative motions of crustal blocks in the past four million years (Figure 1b) , which is dominated by extension around the Great Basin and would be better explained by gravitational spreading [Jones et al., 1996; Sonder and Jones, 1999] .
[4] Hence the two data sets indicate different roles of the driving forces for crustal deformation in the Southwestern US. It is well understood that the GPS-measured strain include transient components that will be restored in future earthquakes and fault slips; such strain does not contribute to permanent deformation [Liu et al., 2000; Norabuena et al., 1998; Pollitz, 2003] . But the geodynamics relating the short-and long-term crustal deformation, however, remains to be addressed. What drives the present-day crustal deformation as measured by the GPS? How does the shortterm crustal deformation mechanically link to the long-term tectonics?
[5] We address these questions here using a series of three-dimensional finite element models. We first fit the GPS-measured strain rate field using both an elastic model loaded by traction on the SAF alone, and a viscous model that includes both plate boundary traction and gravitational spreading. We then fit the long-term deformation using a similar viscous model. We show that these two models, hence the short-and long-term crustal deformation, can be related to stress fluctuation associated with the stick-slip behavior of the SAF.
Fitting the Short-Term Crustal Deformation
[6] We developed a suite of three-dimensional finite element models to explore the driving forces for the GPSmeasured short-term crustal deformation in the Southwestern US (Figure 2 ). The GPS-measured crustal deformation is commonly simulated using elastic models [Okada, 1985; Savage and Burford, 1973] . Hence we started with an elastic model, which approximates the Southwestern US as a flat elastic plate (Figure 2a) . The model domain is fixed on the eastern side (the stable North America), so the predicted velocities can be directly compared with the GPS site velocities in the same reference framework. The western side is bounded by the San Andreas Fault, on which proper loading rates are sought through iteration. The northern and southern sides of the model domain are also traction boundaries on which the optimal tractions are sought through regression. A uniform shear modulus of 3 × 10 10 Pa and Poisson ratio of 0.25 is used for the entire model domain, similar to the parameters used by Williams and McCaffrey [2001] . With 470∼550 Pa/year loading along the SAF, this simple model produces a close fit to the GPS site velocities (Figure 2a ). Better fit may be achieved with variable elastic thickness [Chery, 2008] . Hence the present-day crustal deformation in the Southwestern US can be largely explained by shear coupling across the SAF.
[7] The elastic model, however, cannot easily include the gravitational buoyancy force of the elevated landmass. In an elastic model, changes of displacement (i.e., deformation) require changes of loading. For the timescale pertinent to the GPS measurements (years to decades), the rate of change of the gravitational buoyancy force is negligible. Previous studies of large-scale active or long-term continental deformation commonly use viscous models, which allows inclusion of both plate boundary and gravitational buoyancy forces [England and Molnar, 1997; Flesch et al., 2000] . Although using viscous models to simulate GPS velocities can be problematic, it has been shown that, over large regions, the directions of GPS site velocities are generally consistent with long-term crustal motions [England and Molnar, 1997; Flesch et al., 2000] ; the GPS and geological strain rates differ mainly in the vicinity of faults [Savage and Burford, 1973] .
[8] Hence we developed a viscous model for the Southwestern US (Figures 2b-2c) . The model geometry and boundary conditions are similar to the elastic model ( Figure 2a ). The northern and southern sides of the model domain are also traction boundaries on which the optimal tractions are sought through iteration. We found the optimal condition is for the southern side to be at the lithostatic pressure, which is consistent with the relative stable interior of the southern Basin and Range. On the northern side, the optimal condition is achieved by adding 22 MPa sinistral shear to the lithostatic pressure, consistent with the change of stress conditions and deformation patterns across the northern boundary of the Basin and Range. The surface is based on the ETOPO5 topography, and the base of the crust is based on the CRUST2.0 model [Bassin et al., 2000] . Crustal density is assumed to be constant (2800 kg/m 3 ) for all regions; extra buoyancy force needed to support the 
1/2 and the method is the one described in our previous work [Liu and Yang, 2005] . See auxiliary material. topography is provided by a 50 kg/m 3 density deficiency in the mantle [Jones et al., 1996] under the Basin and Range. The model domain is divided according to the main tectonic units . Each unit can have its own rheological values. We linearize the power-law rheology of the lithosphere [Brace and Kohlstedt, 1980; Kirby and Kronenberg, 1987] by defining an effective viscosity h e , which gives a linear constitutive relation: t = h e _ ", where t is deviatoric stress tensor (see auxiliary material). The linearized system allows superposition of forces.
[9] For a given rheological structure, the driving forces are determined through least-square fitting. The optimal rheological structure is obtained by using a genetic algorithm that, through evolution and iteration, seeks for the rheological structure that minimizes the residual surface velocities [Yang and Liu, 2009] . The optimal rheological structure constrained by the GPS data is laterally heterogeneous, generally consistent with the known tectonics: lower effective viscosity in the active deformation zones, and higher viscosity for the relatively stable central Basin and Range, the Colorado Plateau, and the Great Valley-Sierra Nevada block (see Table 1 and Figure S1 in the auxiliary material).
[10] We tried to isolate the effects of gravitational spreading by applying lithostatic pressure to all sides of the model domain except the fixed eastern side, so the deformation is driven solely by gravitational spreading of the elevated landmass (Figure 2b ). The magnitudes of the predicted surface velocities are sensitive to the effective viscosity of the model lithosphere. For a uniform effective viscosity of 5 × 10 22 Pa s, gravitational spreading can cause 2-3 mm/yr extension across the Basin and Rang. However, the overall fit to the GPS velocities is poor (Figure 2b ). On the other hand, the resulting stress states in the crust are predominantly extensional and comparable to the observed crustal extension in the western United States.
[11] A more satisfactory model is obtained with the combination of both driving forces. With an optimal rheological structure (see auxiliary material) and a uniform 25 MPa traction on the SAF, the model reproduces much of the GPS-measured surface velocities; the average misfit is 2.8 mm/yr. The fit to the orientations of the maximum horizontal compressive stresses is also improved (Figures S2a and S2b in the auxiliary material); the average misfit is 23°, in comparison to the 31°best-fit achieved in previous models [Liu and Bird, 2002] . Further improvement is achieved with variable traction on the SAF: 45 MP along the Big Bend segment in southern California, 56 MPa along the northern segment, and no shear along the central segments. Such along-strike traction variations are consistent with high seismicity around the northern and the Big Bend segments of the SAF and creeping along the central SAF segment. The average misfit to the GPS velocity is reduced to 2.6 mm/yr (Figure 2c) .
[12] Adding basal shear in our models generally worsen the fits to data, regardless to the direction of the basal shear. There are also trade-offs between basal shear and plate boundary forces, hence the solution of driving force along the plate boundary becomes non-unique with the inclusion of basal shear. Because models without basal shear generally produce better fit to the observations than models with basal shear, the basal shear is likely weak. Flesch et al. [2007] reached similar conclusions.
Fitting the Long-Term Crustal Deformation
[13] The model constrained by GPS data, however, cannot explain the long-term crustal deformation reconstructed from geological records [McQuarrie and Wernicke, 2005] (Figure 3a) . The average misfit between the predicted and the geologically reconstructed crustal motion is up to 6.0 mm/yr; the misfit is up to 15 mm/yr in north California coast and the Mojave Desert (Figure 3a) . Such discrepancy cannot be entirely attributed to uncertainties associated with the geological reconstruction. Not only is the predicted crustal motion much faster than the geological rates, their directions are significantly different.
[14] We recalculated the driving forces using the geologically derived crustal motion as the primary constraints. Using the optimal rheological structure derived from the short-term deformation model, we improved the fit to the long-term crustal motion and stress orientations by lowering the traction on the SAF from an average of 25 MPa to 17 MPa. The average misfit of surface velocity is down from 6.0 mm/yr to 3.2 mm/yr (Figure 3b ), and the model fits the orientations of the horizontal compressive stresses to within 20°( Figure S2c in the auxiliary material) . Further reducing the shear traction along the SAF, however, would worsen the fits. [15] Further improvement is obtained by modifying the boundaries of tectonic units in the model to better reflect tectonic patterns in the past few million years. Here we differentiated the relatively stable central part of the Basin and Range province from the more active margins (Figure 3c) , with new optimal rheology parameters reflecting this change (see auxiliary material). The optimal shear traction is 13 MPa averaged on the SAF. This model improves the fit to the geologically derived crustal motion to within 1.6 mm/yr (Figure 3c) , and fits the orientations of the horizontal compressive stress to within 18°( Figure S2d in the auxiliary material).
Discussion and Conclusions
[16] We have shown that the driving forces for short-term crustal deformation as measured by the GPS differ from those constrained by geologically reconstructed long-term crustal deformation. The major difference is traction on the SAF, which is on average 8-12 MPa higher for the shortterm crustal deformation than for the long-term. This difference can be explained by the stick-slip behavior of the SAF. When the SAF is locked, as is during most GPS measurements, the western margins of the North American plate moves with the Pacific plate through shear coupling across the boundary fault, consequently the stress is building up near the fault. When the stress becomes large enough to cause sudden slips (earthquakes), much of the strain is restored, and only the plastic strain, a portion of the total strain fields, is preserved to lead to long-term crustal deformation shown in geological records. The 8-12 MPa difference in traction on the SAF for short-and long-term crustal deformation is comparable with the typical stress drop for large interplate earthquakes [Stein and Wysession, 2003] . The long-term traction, 13∼17 MPa in our models, is equivalent to 1.3∼1.7 TN/m over a 100-km thick lithosphere, comparable with the ∼1.5 TN/m estimated by Humphreys and Coblentz [2007] based on stress data.
[17] The GPS and other space-based geodetic methods have become increasingly popular in studying the deformation of the Earth's crust; hence a better understanding of their tectonic implications is imperative. Our results reaffirm the general understanding that the GPS-measured strain rate fields include both transient deformation that varies with seismic cycles, and permanent deformation that will be kept in geological record. The timescale-dependent crustal deformation calls for cautions when using the GPS data to infer long-term tectonic driving forces. Further complications may arise from the changing tectonic boundary conditions and lithospheric rheology, and the secular variations of fault slips rates [e.g., Dixon et al., 2003; Friedrich et al., 2003; Meade and Hager, 2005] . Some workers choose to use stress orientations as the primary constraints to infer the driving forces for long-term crustal deformation Humphreys and Coblentz, 2007] . Our results show that both GPS site velocities and stress orientations can be well explained in a timescale-dependent dynamic model.
[18] Ideally, one would like to be able to separate the transient and permanent components from the GSP-measured strain rates field, but this is often difficult if not impossible. In the Southwestern US, however, the geologically constrained strain rate field can be compared with the GPS-measured strain rates (Figure 1 ). The difference (Figure 4 ) is a strain rate field dominated by elastic deformation. This is the strain that will be largely restored by future earthquakes or aseismic slips if the long-term deformation maintains as in the past few million years. As expected, the elastic (hence seismogenic) strain is concentrated along the SAF and the Eastern California Shear Zone.
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